The mechanism and kinetic parameters for the thermal decomposition of four functionalized addition-polymerized polynorbornenes were studied by dynamic and isothermal thermogravimetric analyses and by mass spectrometry. The dynamic and isothermal thermogravimetric analyses showed a first-order degradation reaction mechanism with an activation energy of 229.6 ± 12.5 kJ/mol. Based on the polymer structure, reference mass spectra for related molecules, and a cross-comparison of the mass spectra, the backbone, free-radical scission mechanism was found to occur by cleavage of the linkages between bicyclic rings and the production of volatile monomer and oligomers. The degradation of polynorbornene occurred via a depropagation and transfer reaction process. Initially, the depropagation pathway was preferred, but with increasing conversion, intra-and intermolecular hydrogen transfer reactions dominated.
I. INTRODUCTION
The synthesis of polynorbornene or poly(bicyclo[2.2.1]-hepte-2-ene) (PNB) was first described by Anderson et al. 1 Two types of polymers were formed: a brittle, saturated, low molecular weight, addition polymer and a ring opening metathesis polymerization (ROMP) material. The former material possesses a saturated backbone consisting of linked, fully intact norbornanetype molecules. It has excellent thermal stability. The synthesis method was later refined by McKeon using reaction conditions that would enable the selective production of either the ROMP or addition polymerization. 2 Kaminsky reported that addition-polymerized PNB can be produced in the amorphous and highly crystalline forms. 3, 4 Due to low solubility and lack of a suitable melting point, the crystalline material is difficult to process, and the focus shifted to the amorphous material. A facile addition polymerization route using an organo (nickel or palladium) complex was found for synthesizing amorphous PNB. 5 There are numerous publications on the subject. [6] [7] [8] [9] [10] [11] [12] [13] The addition-polymerization route allows considerable freedom to tailor the two critical aspects: tight control of the molecular weight and flexibility in choice of sidegroups on the norbornene repeat unit. This has allowed synthesis of a wide variety of functionalized polynorbornenes with a variety of mechanical, thermal, and electrical properties. Several functionalized polynorbornenes have been described by Grove. 14 Some of the attributes that make PNB attractive include excellent thermalperformance (glass transition temperature T g exceeding 350°C), excellent adhesion to a wide variety of materials, low moisture absorption (<0.1%), and low dielectric constant (2.2-2.6).
14 In addition to the use of polynorbornene as a low dielectric constant insulator, 14 it is also being investigated as an optical material, 15 a backbone for 157 nm photoresist, 16 and a gas membrane.
17
Another use for polynorbornene is as a sacrificial material. At temperatures above its degradation temperature, PNB will break down into a volatile species. When encapsulated within an appropriately porous material such as plasma-enhanced chemical vapor deposited silicon oxide and nitride or polyimide, these gases can diffuse out leaving behind hollow cavities that can be formed in regions previously occupied by the polymer. 18 Understanding and controlling the thermal degradation of PNB is thus a critical component of this process. In the work reported in this paper, the mechanisms and kinetics of the thermal degradation of several functionalized polynorbornenes were studied using thermal gravimetric analysis and mass spectrometry.
II. EXPERIMENTAL
Three different alkyl polynorbornenes were analyzed: methyl-, butyl-, and hexyl-PNB (MePNB, BuPNB, and HxPNB, respectively). In addition, a copolymer of 90 mol% butyl PNB and 10 mol% triethoxysilyl (TES) PNB (BuTESPNB) was studied. All polymers were kindly donated by the BF Goodrich Corporation (Brecksville, OH). The average molecular weights for these polymers were found to be: 198,000 (MePNB), 185,000 (BuPNB), 195,000 (HxPNB), and 300,000 (BuTESPNB), as determined by the manufacturer.
Dynamic and isothermal thermal gravimetric analysis (TGA) experiments were performed on 10 to 20 mg samples using a Seiko Instruments Inc. 320 thermogravimetric differential thermal analyzer (Haake Instruments, Paramus, NJ). The degradation chamber was purged with high purity nitrogen (99.998%, excluding Argon) prior to analysis so that the residual oxygen concentration was less than 50 ppm as measured by an Alpha Omega Instruments Series (Stanford, CT) 3000 trace oxygen analyzer. The sample chamber was continuously purged with nitrogen during the experiments. The samples were first heated to 290°C and held for 10 mins to remove any residual solvent or volatile, low molecular weight impurities. This was followed by heating the sample at a specific constant ramp rate in the dynamic TGA experiments. The isothermal experiments involved rapid heating (100°C/min) of the sample to the desired temperature, followed by a temperature hold until degradation was complete. The dynamic experiments involved ramping the sample at a constant heating rate until the polymer had volatilized.
The mass spectrometer used was a Vacuum Generators 70SE (Est Sussex, UK) double focusing high resolution mass spectrometer interfaced to an 11-250 data acquisition and processing system. The standard electron energy of 70 eV was used for these experiments. The samples were packed into 2-mm outer diameter quartz capillaries and degraded inside the mass spectrometer. The volatile species exiting the capillary were introduced directly to the ionization chamber at high pressure of 10 −5 to 10 −6 torr. The mass spectrometer was equipped with a heated stage and scanned from 35 to 800 amu.
III. RESULTS AND DISCUSSION
The dynamic TGA results for BuTESPNB are shown in Fig. 1 . The weight percentage remaining after degradation is plotted versus temperature. All of the curves show the same sigmoidal shape independent of the temperature ramp rate. The isothermal TGA traces for the same polymer, BuTESPNB, are plotted in Fig. 2 as a weight percentage remaining versus time. Like the dynamic TGA traces, the isothermal curves show a single weight drop. The degradation rate is seen to increase with increasing temperature (steeper slope). Based on the shapes of the TGA data, a simple degradation model was proposed:
where W is the weight (excluding final residue), t is the time, −dW/dt is the experimentally measured weight loss rate, A is the pre-exponential constant, E a is the activation energy, R is the ideal gas constant, T is the absolute temperature, and n is the reaction order.
In the case of a constant rate of heating (RH) (as in the dynamic TGA experiment), Eq. (1) can be transformed to Eq. (2):
Materials that behave according to these models may be analyzed by the Ozawa method. 19 Using the integral approximation suggested by Reich, 20 the activation energies were individually calculated at every 5% conversion between 10% and 90% conversion using the following relationship:
A plot of the left side of Eq. (3) versus inverse absolute temperature at a particular value of conversion yields a straight line, the slope of which gives the activation energy. The data from Fig. 1 was replotted according to Eq. (3) and is shown in Fig. 3 for BuTESPNB. The data in Fig. 3 showed an excellent linear fit (R 2 > 0.999). The average activation energy for BuTESPNB was 236.8 kJ/mol with a standard deviation of 4.7 kJ/mol. Once the activation energy was determined, the two other kinetic parameters could be determined by manipulating Eq. (2) to give Eq. (4):
A plot of the left side of Eq. (4) versus the natural logarithm of weight will yield a straight line with a slope equal to the reaction order and a y intercept directly related to the pre-exponential constant. Figure 4 shows examples of the result for BuTESPNB. The slope and y intercept from the linear region of Fig. 4 (from 40% conversion to 90% conversion) were used to calculate the kinetic parameters. This corresponds to the bulk of the degradation process. A small degree of variation in the degradation rate during the initial conversion produced a nonlinear region between 0% and 40% conversion in Fig. 4 . This deviation is accentuated by the logarithmic nature of Eq. (4).
The origin of this deviation could have many sources. One drawback of using thermogravimetric techniques to determine polymer degradation kinetics is an inability to describe structural changes occurring in the polymer other than those that produce volatile species. During the initial stages of degradation, the vibrational energy released through the cleavage of weak links in the polymer chain produce smaller chain segments. Some of these preliminary steps will not produce volatile products and are therefore hidden from the kinetic model developed from the TGA data. In general, the volatilization rate was consistently lower during the early stages of degradation than predicted by the first-order model. With increasing conversion, the margin between the experimental data volatilization rate and the simple first-order model shrank. The data collected from the initial 40% conversion was excluded from the analyses because thermogravimetric analysis cannot account for polymer degradation that does not involve the release of volatile species. The reaction order was found to be 0.99 ± 0.01 and the pre-exponential constant was measured to be To validate these measurements, the isothermal TGA data was analyzed. Under isothermal conditions, the reaction rate k will remain constant:
Substituting Eq. (5) into Eq. (1) and manipulating gives Eq. (6):
A plot of ln(−dW/dt) versus ln W yields a straight line with a slope equal to the reaction order and a y intercept related to the reaction rate. Manipulating Eq. (5) yields:
A plot of ln(k) versus inverse temperature yields a plot whose slope is related to the activation energy and whose y intercept is related to the pre-exponential constant. After 40 wt% conversion, these values were measured for the isothermally degraded BuTESPNB. At low values of weight loss, the isothermal temperature was not yet reached. The kinetic parameters were found to be n ‫ס‬ 1.04 ± 0.07, E a ‫ס‬ 228.0 ± 6.7 kJ/mol, and A ‫ס‬ 2.24 × 10 16 ± 0.06 × 10 16 min −1 . The kinetic parameters obtained from the dynamic and isothermal TGA agree reasonably well. Both indicate first-order kinetics, and their activation energy ranges overlap within the uncertainty of the experiments. Figure 5 shows a plot of the conversion versus temperature using n ‫ס‬ 1.00, E a ‫ס‬ 232.1 kJ/mol, and A ‫ס‬ 6.66 × 10 16 min −1 . The model shows a good fit with the experimental data although there is systematic overprediction of the degradation rate at low conversions. This deviation can be best understood after describing the results of the three other alkylPNBs and the mass spectrometry results and discussion. MePNB, BuPNB, and HxPNB were analyzed in a similar manner to BuTESPNB. Due to limited quantities of each material, only three dynamic and three isothermal experiments were performed. Figure 6 shows the dynamic TGA for these materials as well as BuTESPNB at ramp rates of 0.53 ± 0.01, 2.65 ± 0.02, and 10.75 ± 0.06°C/min. This plot shows that all four of the polymers exhibited a similar degradation behavior and that the pendant side groups had little effect on the temperature or rate of degradation. The most important exception is the deviation of the BuTESPNB between 0% and 35% conversion. It appears that the inclusion of the triethoxysilane group may have an initial stabilizing effect on the cyclic rings, possibly as a result of the changing electron valencies for this heteroatom containing side group. 20 The order of the polymers in terms of increasing thermal stability is MePNB, BuPNB, HxPNB, and BuTESPNB. The kinetic parameters calculated using the dynamic TGA can be found in Table I .
The degradation mechanism of polynorbornene is consistent with the degradation of other linear polyolefins. The bulk degradation mechanism is influenced by the ratio of depropagation to transfer which is dependent on the reactivity of the free radicals produced in the initiation process and on the availability of reactive atoms in the polymer systems (namely hydrogen). Depropagation reactions produce high yields of monomer while transfer reactions produce oligomers. Because transfer reactions tend to cause fragmentation of the polymer chains, a large drop in the molecular weight occurs before appreciable volatilization. This is consistent with the degradation kinetics described for polynorbornene.
The compositions of the gases produced from thermal degradation of PNB were investigated by mass spectrometry. The mass spectra for the decomposition of MePNB, BuPNB, HxPNB, and BuTESPNB can be found in Figs. 7, 8, 9 , and 10, respectively. These spectra show the major mass-to-charge peaks up to 800 amu observed during degradation under vacuum. The first task was to assign hydrocarbon identities to the major peaks. Since the product species identified in the mass spectra are the primary fragments produced during the ionization step in the mass spectrometer, the original pyrolysis product gases can be determined only by piecing together the fragmented parts. To understand the mechanism of degradation, reference mass spectra were consulted. The most important of these were the mass spectra for   FIG. 10 . Mass spectrum of butyl (90 mol%) triethoxy silyl (10 mol%) polynorbornene at 400°C. the related compounds norbornane and norbornene. Based on the degradation mechanism, Fig. 11 shows the proposed methods of backbone scission. 22, 23 In the transfer reaction, a double bond is formed in the chain. However, since the fragment may be composed of more than one monomer repeat unit, the double bond will only be found at one end. The remainder of the fragment will be composed of linked saturated oligomers. If polynorbornene degraded exclusively by depropagation (i.e., the loss of single repeat units), the components one would find in the mass spectrum would be identical to those in the norbornene spectrum, namely 66.
The four derivatives of polynorbornene (different side groups) investigated in this study provided a valuable tool for peak identification. That is, the molecular weight of the methyl, butyl, and hexyl PNB are separated only by the difference in the alkyl side groups. Bu/TESPNB is a random copolymer and would have the same peaks as BuPNB in addition to other due to TESPNB. Figure 12 shows the most probable peak identifications for the four polymers used in this study. The peaks found in Figs. 7-10 show a consistent set of peaks distinguished by their side groups. The inclusion of the TESPNB unit (10 mol%) with BuPNB (90 mol%) can be seen in Fig. 10, versus Fig. 8 for pure BuPNB. The triethoxysilane side group contributed the peaks at 163, 472, and 556. Mass 163 corresponds to the fragmented TES group, and the higher molecular weight species are shown in Fig. 13 .
The polynorbornenes were studied using time resolved mass spectra under isothermal and dynamic (ramped temperature) conditions. In each case, the majority of the   FIG. 11 . Decomposition mechanism for ionized norbornane. peaks moved in tandem throughout the degradation process. Increasing temperature tended to produce a proportional increase in the production rate of all species. A comparison of the dynamic mass spectrometry samples at 5 and 10°C/min corresponded well with the increases in weight loss rate from the dynamic TGA. The only component of the spectra that showed considerable deviation from the behavior was peak 66, the major decomposition product of norbornene. If depropagation reactions dominated the degradation process, one would expect to see prominent peaks for the monomer. In the case of polynorbornene, this would correspond to the ionization decomposition products of a functionalized norbornene. If this molecule behaves like norbornene, the retro-Diels-Alder reaction would be strongly favored, and a prominent peak at 66 would be expected. In all samples, the initial major peak was 66. With increasing conversion, the high molecular weight oligomer products and their decomposition descendents increased in proportion. The peak for 66 consistently dropped from a high intensity peak to one stabilizing to the other degradation products. The bulk degradation mechanism is influenced by the ratio of depropagation to transfer, which is dependent on the free radical produced in the initiation step and on the availability of reactive atoms (hydrogen) in the polymer system. 22 Note, in the depropagation reaction, a radical-terminated polymer chain loses an unsaturated monomer unit (no hydrogen transfer needed) while the transfer reaction requires a hydrogen atom to be transferred, resulting in saturated products. Based on the mass spectra for these polymers, it appears that initially the depropagation reaction is favored, but with increasing conversion the transfer reactions become more dominant. One explanation for the shift from depropagation to transfer reactions may be the increasing segmental mobility of the polymer chain with increasing fragmentation of the polymer backbone. With increased freedom of movement, the radical polymer ends could abstract hydrogen by attacking adjacent molecules.
IV. CONCLUSIONS
Four functionalized polynorbornenes (MePNB, BuPNB, HxPNB, and a 10% TESPNB, 90% BuPNB copolymer) were studied by dynamic and isothermal TGA, and mass spectrometry. In all four cases, the PNB degradation could be described by first-order reaction and an activation energy in the range of 229.6 ± 12.5. The side groups tended to have a small effect on the thermal stability of the molecule with slightly higher thermal stability with increasing alkyl chain length and the presence of electron-withdrawing groups (triethoxysilane). The degradation mechanism results from the scission of the linkages joining the bicyclic repeat units. Based on the first-order reaction kinetics, these reactions are believed to occur in a chain-wise manner. Initially this is achieved by depropagation reactions, but with increasing conversion, intra-and intermolecular transfer reactions dominate.
